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ABSTRACT
Stability Studies of Coal Liquid Products Using
High Performance Liquid Chromatography
Lawrence P. Norcio
The storage stability of coal liquids is of great importance if coal liquefaction
products are to replace petroleum products.  It has been reported that gum
formation occurs in coal-derived liquids during storage to a level at which it becomes
a handling problem.  The aging of coal hydropyrolysis liquids has been studied.
Coal liquid products were placed in preweighed sample vials and stored under light,
in the presence of air, at different storage temperatures (2, 21, and 32 oC).  The
weight of gum formed was determined at specified sampling times.  High
performance liquid chromatography (HPLC) was used to monitor the changes in
hydrocarbon class composition with storage time.  The changes in boiling point
distribution were also determined using simulated distillation with an evaporative
light-scattering detector.
Results show that the rate of gum formation is fastest at the highest storage
temperature and slowest at the lowest storage temperature.  The gum formed
increased significantly at the early stage of storage and then remained constant with
time.  It was found that the saturate compound class remained constant with time
at all storage conditions.  However, both the polar and aromatic compound classes
decreased significantly at the early stage of storage and then remained constant
with time.  The polar compounds were separated from the aromatic and saturate
compound classes using solid phase extraction.  No gum formation was observed
for both the polar compounds and the aromatic-saturate mixture.  Results from
HPLC and simulated distillation method show no signs of changes in their chemical
composition and boiling point distribution.  It was concluded that the main reactants
in gum formation in coal liquids are the aromatic and polar compound classes.
Results from GC/MS and FTIR show that the polar compounds consist mainly of
phenols.  The affects of inert gas on the stability of coal liquids were determined by
storing coal liquid samples in the presence of argon gas.  It was then concluded that
the presence of inert gas does not prevent the formation gum; instead, it slows
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1.0 INTRODUCTION
1.1 Background of the Study
World petroleum reserves are being rapidly consumed at a rapid rate [1, 2,
3, 4, 5].  This situation led to research on alternative liquid fuel sources as a
substitute for petroleum.  One of these alternative new sources is liquid fuel from
coal.
All fuels have chemical instability problems.  Fuel stability is defined as the
general resistance to change [1,9].  A measure of stability is the ability of fuel to
remain in storage over extended periods of time without significant deterioration [1,
9, 11].  Problems associated with storage instability of fuels include formation of
sediments and gummy materials [1, 2, 6, 7, 8, 9, 10], production of coke or fouling
materials [1, 9], color changes [1, 9, 10], deterioration of their physical and chemical
characteristics, composition, and quality [1, 9].  The formation of sediments may
result in fuel filter and pipe lines clogging [1, 9].  Moreover, these deposits attract
and bind dirt, rust and other corrosive products found in fuel systems [9]. 
Microorganisms may also grow given a suitable environment leading to microbial
contamination, deterioration and corrosion [9].
Gum content measures the quality of the fuel and may be used as a guide
for future behavior of synthetic fuels (synfuels) in storage [9].  Insoluble gum will
clog screen and engine filters and will eventually cause fuel injectors to become
inoperable [1, 9].  Coking and fouling materials in fuel will cause engine operating
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difficulties [9].  Engine noise, excessive smoke, loss of power, poor fuel economy,
degraded emissions, and poor drivability have been attributed to coking [9].
A color change into darker or deeper color than the original is an indication
of instability and is not desirable for marketing purposes [1, 9].  Clear, light colored
fuel products are preferable in the market.
The changes in physical properties like viscosity and density tend to reduce
the quality of synfuels and lead to the off specification of the product [9].  In
addition, degraded fuel tends to increase maintenance problems and costs,
equipment vulnerability and decreased reliability.  Chemical changes will also
reduce the quality of fuels.  Formation of peroxides or hydroperoxides will damage
elastometric gasket materials in the engine combustion system [9, 10].  Changes
in combustion properties may be troublesome in engine performance and
combustion efficiency [9].
There has been much research on coal-derived liquids, but most of these
studies focused on the upstream processing technology.  Only a small number of
studies have been reported regarding the analysis of the stability of coal liquid
products.  Thus, stability studies on coal liquids are a vital necessity.  This will
provide information essential in the assessment of the storage quality of the
product.  Understanding stability of coal liquids is important before undertaking
rational ways of preventing instability problems.
3
1.2 Objectives of the Study
The main objectives of this study are to monitor the changes of coal liquid
composition with time using high performance liquid chromatography (HPLC), and
to develop a kinetic model that will describe the rate of gum formation.  This will
involve the observation of coal liquid products with time, the development of a
correlation between the changes in coal liquid composition with the rate of gum
formation, and the separation and quantification of coal liquid components using
HPLC.
4
2.0 REVIEW OF LITERATURE
Liquid fuels from alternative sources could alleviate fuel shortages caused
by the decreasing supply of petroleum.  However, studies on stability characteristics
of alternative fuels are scarce.  As a result, stability guidelines are based on
previous work with petroleum stability studies [1, 12].
2.1 Gasoline Storage Stability
Gasoline is a mixture of hydrocarbons which contains small amounts of sulfur
and nitrogen compounds [18].  These compounds react with oxygen in the air and
with one another during storage to produce high molecular weight substances called
gums [1, 2, 7, 8, 9, 10, 18].
Bowden [19] developed  storage stability data on available fuels to serve as
reference data.  He used ten samples each of unleaded gasoline, leaded gasoline,
No. 2 diesel fuel, and JP-4 jet fuel.  He evaluated each sample for physical
properties, then stored ten 280 mL portions of each sample in 32 oz. amber glass
bottles at 43 oC.  The bottles were aerated every four weeks.  Two bottles of each
sample were removed from storage and analyzed by NMR, UV spectroscopy and
elemental analysis for soluble and insoluble gum precipitate after 4, 8, 16 and 32
weeks of storage.  Deterioration of sample was estimated by the increase of gum
formation.
A similar method was done by Nixon et al. [20] when they studied the effects
of a number of different alkyl phenols on various gasoline properties including
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storage stability.  They stored gasoline samples in amber bottles at either 60 oC, 70
oC or 43 oC in an atmosphere of oxygen.
Schwartz and Ward [21] performed storage tests at 43 oC with mixtures of
sulfur compounds and reactive hydrocarbons in n-heptane.  The bottles were
opened and the air replenished periodically during storage.  They found that
periodic aeration resulted in the formation of larger amounts of gum compared to
sealed storage.  Elemental analysis of the gums showed that they were similar to
those from full-boiling range fuels.
In another experiment, Schwartz and Ward [22] stored a series of gasolines
and gasoline blending stocks at 43 oC in sealed glass bottles and in glass bottles
aerated periodically, and in stainless steel bombs aged at 93 oC and at 121 oC.
They found that maintaining excess oxygen on storage increased gum formation
compared to sealed storage.  The bomb tests at 93 oC and 121 oC correlated with
the 43 oC storage results.
A standard test method for fuel storage stability at 43 oC is available (ASTM
D4625) [15].  Filtered fuel samples are aged in borosilicate glass containers at 43
oC for periods of 0, 4, 8, 12, 18, and 24 weeks.  After aging for the selected period
of time, the sample is removed from storage and allowed to cool to 21 oC to 27 oC
in a dark enviroment.  Cooling would take 4 to 24 hours.  After cooling, the sample
is filtered through a tared Gooch crucible containing glass-fiber filters.  The bottle
containers are rinsed with isooctane to remove all traces of fuel from the bottle.  The
rinsings are also filtered through the Gooch crucible.  The crucible is dried in the
oven for 4 hours, cooled, and weighed.  This gives the weight of filterable
6
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insolubles.  The adherent gum in the bottle container was dissolved by the adherent
insoluble solvent (mixture of equal amounts of acetone, methanol and toluene).
The washings are placed in a preweighed beaker.  The beaker is dried at 160 oC,
cooled, and weighed.  This gives the weight of adherent insolubles.  The total
insolubles are calculated as
where T = total insolubles (mg/100mL), A = weight of filterable insolubles (mg), and
B = weight of adherent insolubles (mg).  It has been shown that aging fuel at 43 oC
is equivalent to four-fold acceleration of the degradation at ambient temperature of
21 oC [15, 17].  Depending on fuel composition, a week of 43 oC storage is
approximately equivalent to one month storage at ambient temperatures [15].
Other accelerated methods for deterioration of fuel involved storing them at
even higher temperatures than 43 oC.  Kawahara [23] produced the first gum by
aging naphtha in steel drums at 60 oC for 12 weeks and produced the second gum
by aging naphtha in steel drums for two years at ambient conditions.  The gums
were analyzed and both gums contained thioether, dialkyl peroxide, and other
groups, as well as ester, carbonyl, acid, hydroperoxide, and hydroxyl groups.  
Schwartz et al. [24] described a rapid test for predicting gasoline stability.
They stored a gasoline sample in a sealed glass bottle at 93 oC for 16 hours.  The
amount of gum formed, and the amount of oxygen consumed by the gasoline was
used to predict the amount of gum and inorganic residue that would be formed in
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43 oC storage.  The storage performance of motor gasoline for extended periods
could be estimated at any temperature up to 43 oC.
Gums have been characterized using spectrophotometric, chromatographic,
NMR, and other methods.  Bassler and Smith [25] studied gum formation in
gasoline and in pure alkane and alkenes by accelerated storage using irradiation
by ultraviolet (UV) light.  Infrared analysis of the gum showed the presence of
carboxyl, hydroxyl, carbonyl, and ester functional groups.
Schwartz and Ward [26, 27] used a spectrophotometric method to detect
insoluble gums.  This method measured the darkening of the ageing fuel by using
a colorimeter.  A decline in light transmission with time suggested that the fuel is
becoming darker and forming significant amounts of gum.
In another study, Schwartz and Ward [28] used UV irradiation to accelerate
gum formation.  Aromatic, olefinic and paraffin-naphthene hydrocarbons were
separated by silica gel chromatography from each of the fuel samples and distilled
to produce distillation fractions of each silica gel portion.  The gum content before
and after storage of each fraction was determined and the most unstable fractions
were included in the olefinic and aromatic portions.
Schwartz and Ward [29] also studied the changes in aromatics, sulfur and
nitrogen contents of fresh and aged gasoline samples using UV irradiation to
accelerate gum formation.  It was found that elemental sulfur, hydrogen sulfide,
mercaptans, sulfides and disulfides reacted in gasoline aged by UV irradiation.
Other types of sulfur compounds did not react and they concluded that sulfur
compounds are not essential for gum formation.  Similarly, they also concluded that
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nitrogen compounds are not essential for gum formation.  The only nitrogen
compounds involved in gum formation were pyridines, quinolines, anilines, and
amines.  However, they found that aromatics reacted to form gums and the
decreasing order of reactivity was: alkyl benzenes, tetralins, indans, and
naphthalenes.
Allbright et al. [30] used a radioactive tracer technique to determine the types
of compounds that cause gum formation in gasoline during storage.  They labelled
selected organic compounds with tritium.  After storage at 43 oC for 16 weeks, the
gums were analyzed.  The amount of test compound converted to gum was
determined.  The compounds listed in order of decreasing percentage of each in the
gum are: mono-olefins, alkyl benzenes, sulfur compounds, polycyclic hydrocarbons,
nitrogen compounds and diolefins.
2.2 Diesel Storage Stability
Specification of diesel fuels may have many and varying combinations of
physical and chemical properties.  Color of diesel fuel is measured by the ASTM
color test (ASTM D1500) [14].  The sample is placed in a test container and
compared with colored glass disks ranging from 0.5 to 8.0.  The determination is
made when the glass disk matches the color of the sample.  In general, a highly
degraded product will have the darkest color.
The application of light scattering to diesel fuel stability studies has been
reported.  This technique examines the growth of small particles which are
precursors to deposit formation.  It is based on the principle that as fuel ages,
particles will grow in size and scatter light [9, 18].
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Christian et al. [31, 32] stored diesel fuels in borosilicate and soft glass
bottles at 54 oC and 98 oC.  Degradation was measured by the change in light
transmission and light scattering and by the amount of insoluble residue and soluble
gum formed.  In addition, they found that diesel fuel stored in borosilicate glass
bottles deteriorated much more rapidly than the same fuel stored in soft glass
bottles.  Their experiment showed that soft glass inhibited fuel degradation while
borosilicate glass was essentially inert toward the fuel.  They have noted that the
effect of soft glass varied with the fuel.  It may improve stability of some fuels but
has almost no effect on other fuels.  Therefore, using soft glass bottles as storage
containers could give misleading results in assessing the stability of fuels.
2.3 Jet Fuel Storage Stability
The influence of a few nitrogen compounds on storage stability of jet fuels
was studied by Worstell and Daniel [33] using the microscope cover slip method.
The four classes of heterocyclic nitrogen compounds that they evaluated were:
pyrroles, indoles, pyridines, and quinolines.  The nitrogen compounds were
dissolved in tetrahydrofuran (THF) to the desired nitrogen concentration and added
to the jet fuel samples.  The mixtures were stored in an oven at 120 oC with a
microscope cover slip in each bottle.  After 168 hours, the bottles were taken out
from the oven and the cover slips were removed, dried, and weighed.  They found
that pyrrole, indole, pyridine, and quinoline produced a very small increase in gum
formation compared to the jet fuel sample alone.  Moreover, they found that steric
hindrance at the nitrogen atom reduced effectiveness in promoting gum formation.
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The effect of sulfur-containing compounds on the storage stability of Jet A
fuel was investigated by Heneman [34] using the microscope cover slip method
developed by Worstell [33].  It was found that thiols and thiophene derivatives
increased the rate of gum formation compared to that of pure jet fuel.  Alkyl sulfides
and disulfides decreased the rate of gum formation.  The inhibiting mechanism of
alkyl sulfides appeared to be a result of sulfur’s reactivity with intermediate soluble
precursors.
Nixon et al. [35] measured total and insoluble gum of jet fuels stored in steel
drums for four years.  The straight run fuel was the most stable, thermally cracked
fuel was the least stable and catalytically cracked fuel was intermediate in stability.
A small apparatus for measuring filter ability of jet fuels was developed in their
laboratory.  They found no correlation between filter-plugging tendency and
insoluble gum content of a fuel.  Using the electron microscope, it was found that
the filter behavior of insoluble gums is related to their character.  For example,  an
amorphous type deposit rapidly plugged the filter, while a crystalline type deposit did
not.
2.4 Fuel Oil Storage Stability
Gyrath et al. [36] performed a one day stability test of fuel oil.  They placed
one liter of oil in a glass bottle along with several steel strips.   The bottle was
purged with oxygen, sealed, and placed in an oven at 100 oC for 24 hours.  At the
end of the test, the oil was cooled and filtered, and the deposit on the filter was
dried and weighed.  The results of the one day test were correlated with the results
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of storage tests in which oil samples were stored for 6 months at 29 oC in 30 gallon
steel drums or in glass bottles containing steel strips.
Konrad et al. [37] developed an accelerated filter plugging test for measuring
the storage stability of distillate fuels.  The test oil was placed in a tin-plated steel
can and heated for 16 hours where upon the oil temperature started at 23 oC and
reached 112 oC by 16 hours.  The oil was then cooled and filtered through a woven
felt filter.  Pressure drop across the filter was measured and the sediment deposited
on the filter was weighed.  Both parameters were related to the stability of the fuel.
Loveland et al. [38] stored fuel oils and electrical oils in glass bottles at 43 oC.
The aged and fresh fuels were examined by light scattering methods.  However,
when large quantities of sludge were formed, leading to aggregation of small
particles into large particles, the light scattering method was no longer valid.  They
suggested that light scattering would be a good application for gum determination
after short aging times only.
Milsom and Rescorla [39] studied the storage stability of several fuel oils
stored in glass bottles at four different temperatures---43 oC, 65 oC, 82 oC, and 100
oC.  The bottles were opened and aerated each day.  The amount of insolubles
formed after each storage period was measured.  Correlations and equations were
developed by which time of storage and temperature up to 100 oC could be
converted to equivalent time of storage at any other temperature.
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Walker and Stanton [40] used microscopic examination of oil to estimate the
storage stability of the oil.  The number of particles in the liquid oil were measured
with a light microscope.  The increase in the number of particles in the oil after
storage was correlated with the storage stability of the oil.
2.5 Coal Liquid Storage Stability
With petroleum as a nonrenewable natural resource, synfuels from coal, for
example, become of increasing importance.  However, coal-derived liquids are
complex in that it is difficult to define the mechanisms, reactive compounds and
methods to stabilize these materials [18].
Brown and Karn [41] performed stability studies of raw coal liquids obtained
from the one-half-ton-per-day process development unit at Pittsburgh Energy
Technology Center.  The samples were obtained from process runs operated at
27.6 Mpa pressure and 450 oC.  The liquid samples were aged under various
combinations of temperature, gaseous environment (nitrogen, air or oxygen),
mechanical agitation, and the absence or presence of ambient light.  Degradation
was measured primarily by viscosity.  The viscosity increased with aging of all
samples.  The rate of viscosity increase of the samples stored under oxygen-
containing gases was faster than those stored under inert (nitrogen) environment.
Moreover, the rate of degradation is faster at higher storage temperatures.  They
concluded that oxygen has a deleterious effect on the stability of coal liquids.
Solvent analysis showed that the samples aged under oxygen had a significant
increase in the amount of benzene- insoluble material, a decrease in oil
components and a relatively constant amount of asphaltenes.  Samples aged under
13
nitrogen showed very little change.  Solvent analysis of fresh and oxygen-aged
samples showed a decrease in aromatic, acids, bases and resin content.  They
hypothesized that the oxidative degradation is probably preceded by autoxidation
through a free radical mechanism.  But they acknowledged that coal-derived liquids
are so complex that it may be futile to attempt to define the actual mechanism.
In another study, Karn et al. [42] obtained similar results when they studied
the aging characteristics of raw coal liquids produced from West Virginia coal by the
SYNTHIOL PROCESS.  Viscosity was the primary measure of degradation.  The
samples were aged at various temperature, storage time, atmosphere of oxygen,
nitrogen, or air, stirring or no stirring, and light or darkness.  They found a similar
trend for all storage temperatures, that samples stored under oxygen atmosphere
had a larger viscosity increase than samples stored in nitrogen or air.  They also
found that light had no effect on the viscosity increase of the sample.  However,
unstirred samples stored under oxygen or air had a smaller increase in viscosity
than stirred samples in the same atmosphere.
Solvent analysis of fresh and stored samples aged under oxygen showed a
decrease in pentane soluble and benzene soluble fractions with a corresponding
increase in benzene insoluble fraction.  There were no changes in component
distribution in samples aged under nitrogen atmosphere.
Hara et al. [43] studied two different kinds of solvent refined coal (SRC) by
aging SRC II middle distillate (boiling point range 450 - 565 K) and 30/70 (wt.%)
blend of SRC I (solid product) and SRC II.  Viscometric, ultimate analysis, solvent
separation, gel permeation chromatography and NMR measurements were used
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to monitor the aging properties of the SRC liquids.  They found that the viscosity of
the blend increased significantly with oxygen bubbling.  They proposed that
oxidative coupling of phenols is the aging mechanism for both the blend and the
middle distillate.
Kershaw and Gray [44] prepared coal liquids by laboratory hydropyrolysis of
coal.  They separated the toluene soluble product and further divided it into oil and
asphaltenes.  The samples were aged in test tubes in the dark at various
temperatures with either oxygen or nitrogen atmosphere.  Deterioration was
measured by changes in viscosity and the increase in viscosity was again found to
be greater on samples stored under an oxygen atmosphere than in nitrogen.
Brinkman [45] and Brinkman and Bowden [46] studied the storage stability
of a variety of fuels and distillation cuts from petroleum, coal, oil shale and tar
sands.  The tests were conducted at 43 oC for periods of up to 32 weeks with
aeration every four weeks.  Formation of gum was measured after each storage
period.  Three naphthas from coal-derived samples had a large increase in gum
content during the first 8 weeks of storage followed by a more gradual increase to
32 weeks.  Elemental analyses of gum samples showed that there was a significant
increase in oxygen content of the gum over the original fraction.
Wright and Weimer [47] performed stability studies of the chemical
composition and biological activity of SRC I and SRC II liquids.  The concentrations
of major sample components were monitored as a function of storage time,
temperature, dilution, atmosphere and light.  Chemical composition was monitored
using high resolution gas chromatography (GC) and gas chromatography/mass
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spectrometry (GC/MS).  There were no changes in chemical composition and
biological activity on samples stored at 4 oC, inert containers, under nitrogen
atmosphere, in the dark, and stored for 2 years (unaccelerated storage).  Stored
samples diluted with methylene chloride, with ambient light, under air atmosphere
and room temperature degraded after one year of storage.  The chemical
constituents degraded were hydroxylated polycyclic aromatic hydrocarbons (PAH)
and hydrogenated PAH.  Samples stored at higher temperatures (accelerated
storage) showed significant changes in chemical composition.  Components which
showed consistent degradation over time were hydroxylated PAH and partially
hydrogenated PAH.
2.6 Basis of Instability
It is evident from the literature that the instability of fuel is attributed to
chemical reactions such as polymerization of unsaturated hydrocarbons.  Some
reactive organic compounds of sulfur and nitrogen, and oxygen in the fuel are
thought to be responsible for fuel degradation.  These reactions are accelerated by
an increase in storage temperature.
The general measure of fuel instability is the amount of gum formation.  The
faster the rate of gum formation, the more unstable the fuel.  Other measures of
instability have been developed but are still correlated with gum formation.
Viscosity, for example, depends on particulate or formation of gum.  As the fuel
ages, soluble gum formation increases and viscosity also increases.  The color of
the sample or light transmission techniques depends on gum formation.  The larger
the amount of gum, the darker the color of the fuel, which results in a decrease in
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light transmission with time.  Oxygen absorption is a good measure of instability.
It was found that the rate of gum formation is a function of the amount of oxygen
present in the sample [9].  Light scattering techniques are based on the principle
that as fuel ages, the particle’s precursors to gum formation grow and scatter light.
2.7 Filtrate Analysis over Gum Analysis
Almost all fuel stability studies have been focused on gum analysis.  While
it is very interesting to know the gum composition, it will be very helpful to obtain
information about the filtrate composition during storage.  The disappearance of one
compound class with time corresponding to the increase in gum formation would
suggest that the particular compound class may be responsible for the deposition.
This information may be an important tool in storage stability studies and fuel
instability control. 
In this study, the chemical analyses was focused on the filtrate analysis of
coal liquid products before and after aging.  Since instability is based on the
chemical reactions among the fuel constituents, monitoring the changes in coal
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Figure 3.1 - High Performance Liquid Chromatography (HPLC)
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Figure 3.4 - The Arrangement of the Three Columns

























Table 3.1.  Columns and Solvent Compositions Used for Hydrocarbon Compound Class Analysis.  Solvent Flowrate is
at 1.2 mL/min.
Time (min)                    Columns on-line           Initial Solvent Concentration            Final Solvent Concentration
                                                                        Pentane        CH2Cl2           IPA          Pentane      CH2Cl2        IPA
0 to 9.00 DIOL, DNAP, PAC 100 0 0 100 0 0
9.00 to 14.00 PAC 100 0 0 100 0 0
14.00  to 15.25 PAC 100 0 0 95 5 0
15.25 to 20.25 PAC 95 5 0 95 5 0
20.25 to 38.17 DNAP 95 5 0 40 60 0
38.17 to 42.34 DNAP 40 60 0 0 100 0
42.34 to 49.02 DNAP 0 100 0 0 100 0
49.02 to 50.27 DNAP 0 100 0 100 0 0
50.27 to 56.52 DNAP 100 0 0 100 0 0
56.52 to 57.77 DIOL 100 0 0 0 95 5
57.77 to 64.02 DIOL 0 95 5 0 95 5 
64.02 to 65.27 DIOL 0 95 5 0 100 0
65.27 to 70.27 DIOL 0 100 0 0 100 0
70.27 to 71.52 DIOL 0 100 0 100 0 0
71.52 to 76.53 DIOL 100 0 0 100 0 0
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Figure 4.1 - Responses of Different Types of Compounds
                                 with Different MW
MW
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GLIIHUHQWýGULIWý WXEHý WHPSHUDWXUHý õåíý R&ñýììèý R&ñýìèíý R&ôýVHWWLQJVïý ý+RZHYHUñý WKH
VHQVLWLYLW\ýFKDQJHVýDVýDýIXQFWLRQýRIýWKHýGHWHFWRUýWHPSHUDWXUHïýý7KHýGHWHFWRUýJLYHV

Figure 4.3 - Responses of a Series of n-Alkanes as a Function
        of MW (Arrows Represent the MW Detection Limits)
MW







































Figure 4.4 - Responses of a Series of Aromatics as a Function
          of MW (Arrows Represent the MW Detection Limits)
MW































Table 4.3.  The MW Detection Limits for the Alkane and Aromatic Series.
Temperature
(oC)
Alkane Series Aromatic Series Average
40 254 193 224
80 324 215 270
115 394 226 310
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GHILQLWLRQïý ý +RZHYHUñý DWý ìèíý R&ý IRUý WKHý DURPDWLFý VHULHVñý ëæåý õGLEHQ]RõDñ
KôDQWKUDFHQHôýZDVý VHOHFWHGý DVý WKHý0:ýGHWHFWLRQý OLPLWý EHFDXVHý WKHUHýZHUHý QR













Figure 4.5 - Calibration Curve of C22 at 40 
oC
Concentration (mg/mL)







































7KHý ODVWýVWDQGDUGýPL[WXUHýRIýQð&ëëý õêìíôýDQGýS\UHQHý õëíëôýVXJJHVWVý WKDW
DSSUR[LPDWHO\ýääïéøýõìïèäîìïçíôýRIýWKHýVDPSOHýPL[WXUHýKDVý0:ýJUHDWHUýWKDQýëëéï
7KLVý LVýQRWýFRUUHFWýEHFDXVHýKDOIýRIý WKHýPL[WXUHýKDVý0:ýOHVVý WKDQýëëéýZKLFKý LV
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Table 4.4.  Results from Testing the Standard Mixtures at 40 oC.
Standard Mixture Average MW
Detection

















0.8 mg/mL n-C16 (226) + 
0.8 mg/mL acenaphthene
(154)
224 0 0 1.6 0.0 %
0.8 mg/mL n-C20 (282) + 
0.8 mg/mL naphthalene (128)
224 106332 0.722 1.6 45.1%
0.8 mg/mL n-C22 (310) + 
0.8 mg/mL pyrene (202)
224 515628 1.590 1.6 99.4%
éë
S\UHQHïý ý 7KHUHIRUHñý WKHý K\SRWKHVL]HGý DYHUDJHý0:ý GHWHFWLRQý OLPLWý LVý LQFRUUHFWï
+RZHYHUñýLWýVKRXOGýEHýQRWHGýWKDWýDOOýWKHýFRQVWLWXHQWVýRIýWKHýVDPSOHýZLOOýEHýGHWHFWHG
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GHWHUPLQDWLRQý LVýVPDOOñýDQGñýëôý WKHýVHSDUDWLRQýDQGýDGVRUSWLRQýSUREOHPVýFDQýEH
DYRLGHGýVLQFHýQRýFROXPQVýDUHýXVHGýLQýWKHýDQDO\VLVïýý6LQFHýWKHýGHWHFWLRQýOLPLWVýLQ
)LJXUHý éïçý DSSHDUVý WRý EHý OLQHDUñý WKLVý ZLOOý DOORZý WKHý GHWHUPLQDWLRQý RIý RWKHUý0:








Figure 4.6 - MW Detection Limit as a Function of 
                     Detector Temperature
Detector Temperature (oC)












































Figure 4.7 - (a) Picture of Fresh Coal Liquid Sample;
(b) Picture of Aged Coal Liquid Sample 
Stored at 21 oC for 72 hours
(a) (b)
45
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Figure 4.8 - Gum Formation in Samples Stored at 2 oC
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Figure 4.9 - Gum Formation in Samples Stored at 21 oC
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DOVRý IRXQGý WKDWý WKHý UDWHý RIý GHJUDGDWLRQý LQFUHDVHVý DVý WKHý VWRUDJHý WHPSHUDWXUH
LQFUHDVHVïý ý ,Qý WKHLUýVWXG\ñý WKHýUDWHýRIýGHJUDGDWLRQýZDVýPHDVXUHGýE\ý WKHý UDWHýRI
YLVFRVLW\ýLQFUHDVHïýý7KLVýFRQILUPVýWKHýIDFWýWKDWýVWRULQJýIXHOVýDWýKLJKHUýWHPSHUDWXUHV
LVýDQýDFFHOHUDWHGýPHWKRGýIRUýIXHOýGHWHULRUDWLRQý>ëêñýëé@ï
Figure 4.11 - The Effect of Temperature on the Rate
                            of Gum Formation
Time (hours)



























FXUYHVýRIý WRWDOý LQVROXEOHVýDVýDýIXQFWLRQýRIý WLPHýH[KLELWýDý WHQGHQF\ý WRZDUGýDQý6ð
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LQVROXEOHVï














$OWKRXJKñý WKHý FRDOý OLTXLGý VDPSOHVý XVHGý LQý WKHý FXUUHQWý VWXG\ý ZHUH
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Figure 4.12 - A Three-Dimensional UV Spectrum Plot of a Fresh Coal Liquid
Sample
èç
GLYLVLRQýEHWZHHQý WKHýëðýDQGý WKHýêðULQJýDURPDWLFVý LVýVKRZQýE\ýDQýDEUXSWý ULVHý LQ























Figure 4.13 - Absorbance Plot of the Same Data Shown in Figure 4.12 for 2-, 3-, 
and 4-Ring Aromatics at 259 nm














WHPSHUDWXUHVïý ý %DVHGý RQý WKLVý UHVXOWñý LWý FDQý EHý FRQFOXGHGý WKDWý WKHý SUHVHQFHý RI
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ZLWKý UHVSHFWý WRý K\GURFDUERQý FRPSRVLWLRQý FRPSDUHGý WRý DURPDWLFVñý ROHILQVñý DQG
GLROHILQVïýý$OOEULJKWýHWýDOïý>êí@ýDOVRýIRXQGýWKDWýVDWXUDWHVýDUHýWKHýOHDVWýUHDFWLYHýDPRQJ
WKHý VHYHUDOý FRPSRXQGý FODVVHVý WKH\ý VWXGLHGïý ý 7KH\ý XVHGý UDGLRDFWLYHý WUDFHU
WHFKQLTXHVý WRý GHWHUPLQHý WKHý W\SHVý RIý FRPSRXQGVý WKDWý FDXVHýJXPý IRUPDWLRQý LQ
JDVROLQHýGXULQJýVWRUDJHï
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Figure 4.15 - Changes in Weight Percentage Saturate Compound
    Class Stored at 2, 21, 32 oC (Data Obtained from ELSD)
Time (hours)
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Figure 4.16 - Changes in Weight Percentage Aromatic Compound
       Class Stored at 2, 21, 32 oC (Data Obtained from ELSD)
Time (hours)
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Figure 4.17 - Changes in Weight Percentage Polar Compound
   Class Stored at 2, 21, 32 oC (Data Obtained from ELSD)
Time (hours)
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DQGý QDSKWKDOHQHVïý ý $OOEULJKWý HWý DOïý >êí@ý DOVRý IRXQGý WKDWýPRQRðROHILQVý DQGý DON\O
EHQ]HQHVýDUHýWKHýPRVWýXQVWDEOHýLQýWKHLUýVWXG\ýRIýJXPýIRUPDWLRQýLQýJDVROLQHýGXULQJ
VWRUDJHïý
7KHýWUHQGVýREWDLQHGý LQý WKHýFXUUHQWýVWXG\ý IRUýERWKý WKHýDURPDWLFýDQGýSRODU
FRPSRXQGVýFDQýEHýFRUUHODWHGýZLWKýWKHý LQFUHDVHýLQýJXPýIRUPDWLRQýHDUO\ý LQWRýWKH
VWRUDJHý SHULRGïý ý ,Iý JXPý IRUPDWLRQý RIý FRDOý OLTXLGVý RQý DJLQJý LVý GXHý WRý FKHPLFDO
UHDFWLRQVýVXFKýDVýSRO\PHUL]DWLRQýRIýXQVDWXUDWHGýK\GURFDUERQVýDQGýVRPHýUHDFWLYH
SRODUý FRPSRXQGVñý WKHQý WKLVý VKRXOGý EHý UHIOHFWHGý LQý WKHý VLJQLILFDQWý GHFUHDVHý LQ
DURPDWLFýDQGýSRODUýFRPSRXQGýFODVVHVïýý7KLVýVXJJHVWVýWKDWýWKHýDURPDWLFýDQGýSRODU
FRPSRXQGýFODVVHVýDUHýWKHýPDLQýUHDFWDQWVýLQýWKHýJXPýIRUPDWLRQýRIýFRDOýOLTXLGVï
Figure 4.18 - ELSD Chromatogram of Fresh and Aged (72 hours) Coal Liquids
                       Showing the Changes in Saturates and 1-Ring Aromatics
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Figure 4.19 - ELSD Chromatogram of Fresh and Aged (72 hours) Coal 
 Liquids Showing the Changes in Multi-Ring Aromatics
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Figure 4.20 - ELSD Chromatogram of Fresh and Aged (72 hours) Coal 
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Figure 4.21 - A  Typical ELSD Chromatogram Obtained



























































Figure 4.22 - Changes in Weight Percent Coal Liquid
      from ELSD with Boiling Point Between 315 oC 
       and 380 oC Stored at Different Temperatures
70
Time (hours)
































Figure 4.23 - Changes in Weight Percent Coal Liquid
      from ELSD with Boiling Point Between 380 oC 
       and 435 oC Stored at Different Temperatures
71
Time (hours)































T  = 32oC
Figure 4.24 - Changes in Weight Percent Coal Liquid
      from ELSD with Boiling Point Between 435 oC 
       and 482 oC Stored at Different Temperatures
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Time (hours)



























Figure 4.25 - Changes in Weight Percent Coal Liquid
    from ELSD with Boiling Point Greater than 482 oC
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Figure 4.26 - Comparison of Weight Percent Saturates Stored 
   at 21oC With and Without Air (Data Obtained from ELSD)
Time (hours)
















Figure 4.27 - Comparison of Weight Percent Aromatics Stored
    at 21oC With and Without Air (Data Obtained from ELSD)
Time (hours)



















Figure 4.28 - Comparison of Weight Percent Polars Stored at
    21oC With and Without Air (Data Obtained from ELSD)
Time (hours)















Figure 4.29 - Comparison of Weight Percent Gum Formed Stored 
      at 21oC With and Without Air (Data Obtained from ELSD)
Time (hours)



































































WKHý VDWXUDWHVý DQGý DURPDWLFVý SDVVHGý WKURXJKý WKHý WXEHïý ý 7KHý WXEHýZDVýZDVKHG
VHYHUDOýWLPHVýZLWKýKH[DQHýWRýHQVXUHýWKDWýQHLWKHUýDURPDWLFVýQRUýVDWXUDWHVýUHPDLQHGï















Figure 4.30 - Solid Phase Extraction Tube Separating Polar 




Figure 4.31 - Fresh Saturates-and-Aromatics, and
      Polar Compounds After Separation  by Solid





















Figure 4.32 - Changes in Saturates-and-Aromatics Stored
                            at 2, 21, and 32 oC 
Time (hours)
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Figure 4.33 - Changes in Polars Stored at 2, 21, and 32 oC 
Time (hours)













 T = 2 oC 
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T = 32 oC 
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Figure 4.34 - Changes in Boiling Point Distribution in 
 315 oC > BP > 380 o C for Saturates-and-Aromatics
Time (hours)
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Figure 4.35 - Changes in Boiling Point Distribution in
      315 oC > BP > 380 oC for Polar Compounds
Time (hours)
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Figure 4.36 - Changes in Boiling Point Distribution in
 380 oC > BP > 435 oC for Saturates-and-Aromatics
Time (hours)






















T = 2 oC
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T = 32 oC
Figure 4.37 - Changes in Boiling Point Distribution in
        380 oC > BP > 435 oC for Polar Compounds
Time (hours)
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Figure 4.38 - Changes in Boiling Point Distribution in
 435 oC > BP > 482 oC for Saturates-and-Aromatics
Time (hours)
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Figure 4.39 - Changes in Boiling Point Distribution in
        435 oC > BP > 482 oC for Polar Compounds
Time (hours)
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Figure 4.40 - Changes in Boiling Point Distribution in BP > 482 oC 
                             for Saturates-and-Aromatics  
Time (hours)
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Figure 4.41 - Changes in Boiling Point Distribution in
                    BP > 482 oC for Polar Compounds
Time (hours)
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RQFHý DJDLQý ZLWKý WKHý VDWXUDWHVðDQGðDURPDWLFVïý ý )RXUý GD\Vý DIWHUý PL[LQJý WKHý WZR































































Figure 4.42 - GC/MS Total Ion Chromatogram of Polar Compounds






Figure 4.43 - (a) Mass Spectrum of Sample






Figure 4.44 - (a) Mass Spectrum of Sample, (b) Possible








Figure 4.45 - (a) Mass Spectrum of Sample, (b) Possible






Figure 4.46 - (a) Mass Spectrum of Sample, (b) Possible






Figure 4.47 - (a)Mass Spectrum of Sample, (b) Possible






Figure 4.48 - (a)Mass Spectrum of Sample, (b) Possible






Figure 4.49 - (a)Mass Spectrum of Sample, (b) Possible












3KHQRO &ç+çí äé äé äæïç
ëðPHWK\O
SKHQRO
&æ+å2 ìíå ìíå äåïå
êðPHWK\O
SKHQRO
&æ+å2 ìíå ìíå äëïì
ëñýêðGLPHWK\O
SKHQRO
&å+ìí2 ìëë ìëë äåïå
ëðHWK\O
SKHQRO
&å+ìí2 ìëë ìëë äæïç
ëñéðGLPHWK\O
SKHQRO
&å+ìí2 ìëë ìëë äæïæ
êðHWK\Oðèð
PHWK\OSKHQRO
&ä+ìë2 ìêè ìêç äêïé
8HGDýHWý DOïý >çæ@ý FKDUDFWHUL]HGý WKHý FKHPLFDOý FRPSRVLWLRQý RIý FRDOðGHULYHG
OLTXLGVýXVLQJý ILHOGý LRQL]DWLRQý06ïý ý7KHýVDPSOHýVHSDUDWLRQýZDVýFDUULHGýRXWýXVLQJ
+3/&ïý ý 7KH\ý IRXQGý WKHý SUHVHQFHý RIý SKHQROVñý QDSKWK\OSKHQROVñý LQGDQROVñ
















Figure 4.50 - Infrared Spectrum of the Polar
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Figure 4.51 - Plot of the Rate of Gum Formation from


















Figure 4.52 - Plot of the Rate of Gum Formation from


















Figure 4.53 - Plot of the Rate of Gum Formation from
 Experimental Data versus Kinetic Model at T = 32 oC
d[G]t/dt from data
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Figure 4.54 - Plot of Gum Formation from Experimental Data
            versus Data from the Model at 2, 21, and 32 oC
Time (hours)
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Figure 4.55 - Arrhenius Plots for the Forward and Backward
                  Reactions of Coal Pyrolysis Liquids
1/T (K -1)
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APPENDIX 1:
PROCEDURE USED IN COAL LIQUEFACTION
135
Tubing Bomb Reactor
1) Clean the reactor before using it.  Brush and scrape the inside of the reactor
to remove the unreacted coal that was left from the previous reaction.  Blow off the
remaining coal particles in the reactor with compressed air.
2) Put lubricant on the sidearms of the reactor.  Screw and unscrew the caps
of the sidearms several times until the lubricant is evenly distributed on the
sidearms.  Wipe out all excess lubricant that went inside and outside the reactor.
Coal
1) Weigh approximately 3 to 5 grams of coal and record the weight.  Pour the
weighed coal sample into the previously cleaned tubing reactor.  Close and tighten
both sidearms of the reactor. 
2) Attach the reactor to a hydrogen source.  Purge hydrogen gas into the
reactor at least three times.  Check for leaks while purging by immersing the reactor
into a bucket of water.  After purging, put 1100 psig hydrogen gas into the reactor.
Attach and tighten the valve of the reactor.
Reaction
1) Attach the tubing reactor to the shaker system.
2) The sandbath should be preheated to 487 oC prior to its use.
3) Immerse the reactor attached to the shaker into the sandbath and lower the




1) After the reaction, quench the reactor in cold tap water.
2) Attach the reactor to the gas collector.  Slowly release the valve and let the
gas flow into the flask.
3) Unscrew the caps of the sidearms and collect the product mixture into a
preweighed beaker.
4) Wash the reactor with hexane solution to facilitate the collection of the
product mixture.  Collect all the washings with hexane
5) Transfer everything to the preweighed extraction flask with boiling chips.
6) Reflux overnight in a Soxhlet extractor.
7) Tare and weigh beaker, filter and flask.
Recovery
1) Cool and filter the extracted mixture using a vacuum filter.
2) Wash the extraction flask with hexane and filter all the washings.  
3) After filtration, place the used filter in the preweighed beaker and cover it with
perforated aluminum foil.  Vacuum dry the filter and beaker as well as the extraction
flask at 250 oC overnight.  Cool and weigh until constant weight.
3) Transfer the filtrate into a preweighed flask.
4) Evaporate the hexane from the filtrate using a rotary evaporator.
5) Collect the concentrated hexane-soluble oil for stability studies.
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APPENDIX 2:
SAMPLE CALCULATION OF TOTAL CONVERSION
138
Sample Data (Run #4):
1) Weight of Coal = 3.9241 grams
2) Weight of Residue
Weight of Extraction Flask + Residue + Boiling Chips = 171.9842 grams
Weight of Extraction Flask + Boiling Chips           = 169.1529 grams
Weight of Residue           =     2.8313 grams
Weight of Beaker + Residue           = 83.0325 grams
Weight of Beaker           = 82.7564 grams
Weight of Residue           =   0.2761 grams
Total Weight of Residue = 2.8313 + 0.2761                =   3.1074 grams
3) Percent Conversion (as received basis)
% Conversion = Total Coal - Total Residue x 100%
Total Coal





THREE-DIMENSIONAL UV SPECTRUM PLOT OF THE AROMATIC
STANDARDS USED
140




KINETIC DATA FOR COAL PYROLYSIS LIQUIDS
142
Kinetic Data at T=2 oC













Kinetic Data at T=21 oC













Kinetic Data at T=32 oC














DATA FOR ARRHENIUS PLOTS
146
Data for Arrhenius Plots for k1 and k2
Temperature (K) 1/T (1/K) k1 (hr
-1) k2 (hr
-1)
275.15 3.6344e-3 3.9350e-4 0.0280
294.15 3.3996e-3 1.1410e-3 0.0315
305.15 3.2771e-3 2.1320e-3 0.0422
147
APPENDIX 6:





CONDITIONS USED IN HPLC ANALYSIS
151
Autosampler: VARIAN 9095
Solvent Delivery System: VARIAN 9010
Columns: Partisil-amino-cyano (PAC), DIOL-silica (DIOL), and 2, 4-
dinitroanilinpropyl silica (DNAP) columns
Detectors: Evaporative Light-Scattering Detector (Varex Mark II A)
Polychrome 9065 Diode Array Detector
Solvent Carrier Used: Pentane, Hexane, Methylene Chloride, Isopropyl Alcohol
Solvent Flowrate: 1.2 mL/min
Gas Used for ELSD: Nitrogen
ELSD Gas Flowrate: 6.3 L/min
Sample Size Injected: 80 µL
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